Abstract. The intercalation reaction of hydrated K þ ions into the layered structure of 2H--NbS 2 was studied using in situ X-ray diffraction. A structurally complex intercalation mechanism was observed showing several highly onedimensionally disordered intercalated phases. A quantitative modelling of the disorder in K x (H 2 O) y NbS 2 is presented allowing a complete understanding of the intercalation mechanism.
Introduction
Layered transition metal disulfides are well known host materials forming intercalation compounds with many different guests [1, 2] . Especially, the intercalation of lithium ions into the structure of TiS 2 is a well known reaction that has started the development of secondary lithium batteries on the basis of intercalation compounds [3] . From a technical point of view the intercalation compounds of layered transition metal disulfides have never reached the status of oxide materials. However these compounds have interesting physical and chemical properties making them an interesting field for studying structure/properties-relations [1, 2] .
2H--NbS 2 crystallizes in a hexagonal structure in which a sheet of niobium atoms is sandwiched between two hexagonally close-packed layers of sulfur atoms. The bonding between the layers is very weak and therefore a large number of metals and other electron-donating species can be intercalated between the layers [4] . The formation of intercalation compounds can be performed by cathodic or chemical reduction in aqueous or non-aqueous electrolytes. In the case of strongly polar electrolyte solvents the cations enter the lattice as solvated ions and the resulting phases show polyelectrolyte behaviour, i.e. ion and solvate exchange [2] .
The intercalation of hydrated K þ ions can be described as a topotactic redox reaction with simultaneous electron/ cation transfer:
The potential/charge transfer curve shows several twophase regions with almost flat potentials. An example is given in Ref. [5] . The maximal value of the charge transfer x in aqueous electrolytes depends upon the redox potential of the host lattice. For NbS 2 a value of x max ¼ 1 = 2 was found, however the maximal K þ content was analyzed to be
ðxþyÞÀ were found [6] . The maximum water content for the [5] . This phase is characterized by an additional layer separation of 3 A which is related to the formation of a monolayer of H 2 O molecules within the van der Waals gap between two NbS 2 -layers [7] .
Only few structural data are known for the hydrated intercalation compounds K x (H 2 O) y NbS 2 , especially for phases with x < 1 = 3 . The structure of K 1=3 (H 2 O) y NbS 2 was investigated by Graf, Lerf and Schöllhorn [8] . It was described in space group P 6 62c with lattice parameters a [8] . However, high ion mobility and stacking disorder phenomena prevented the location of potassium and oxygen atoms within the van der Waals gap. For the intermediate phases K x (H 2 O) y NbS 2 with x < 1 = 3 staging models with the guests intercalated in only every second, third or fourth interlayer space have been discussed in the literature [9] .
Experimental
The in situ X-ray diffraction study on the formation of intercalated K x (H 2 O) y NbS 2 was carried out in a specially equipped electrochemical cell which was aligned on a Siemens D500 powder diffractometer. Intensity data were collected in the Q/2Q-modus with Ni-filtered CuK a -radiation (l ¼ 1.5418 A). The selected 2H--NbS 2 crystal was a hexagonal platelet, with approximate dimensions 1.5 Â 5 Â 0.2 mm in size. The crystal was fixed to a 80 mm thick, adhesive, X-ray amorphous tape covering the reaction chamber of the electrochemical cell filled with 0.5 m K 2 SO 4 -solution as electrolyte. A platinum wire was fixed with silver paste to the backside of the crystal. A counter electrode made of platinum and a Ag/AgCl reference electrode complete the setup of the electrochemical cell.
The crystal was oriented with its layer planes parallel to the diffraction plane, thus only (00l) reflections could be registered. The intensity data were recorded simultaneously with the crystal under constant current (I ¼ 2 mA). The measuring time was 2 h for each diffraction pattern, yielding a resolution in stoichiometry of x ¼ 0.01.
In order to reduce the calculation time for simulating the intensities of disordered K x (H 2 O) y NbS 2 , the CuK a 2 -contribution of the wavelength was stripped off, yielding an effective wavelength l ¼ 1.5406 A.
The experimental intensities were corrected for beam overlap according to equation (2):
and w c being the crystal width (w c ¼ 1.5 mm). R is the radius of the diffractometer (R ¼ 200.5 mm) and a represents the aperture angle (a ¼ 0.3 ). The average intensity distribution for disordered K x (H 2 O) y NbS 2 was calculated as described in Part I [10] .
Structural characterization of intercalated phases K
The in situ X-ray diffraction patterns of K x (H 2 O) y NbS 2 are shown in Fig In the binary compound 2H--NbS 2 and in the hydrated phases K x (H 2 O) y NbS 2 , the sulfur atoms form close-packed single layers in planes perpendicular to the c-axis, pairs of such layers are held together by niobium atoms forming twodimensional S--Nb--S sandwich units with the niobium atoms in trigonal-prismatic coordination. In the binary compound two S--Nb--S layers with a thickness of %6 A are stacked along c leading to a stacking sequence AbA CbC . . . . The transition metal atoms of neighbouring layers are located directly above each other and the sulfur atoms of adjoining layers are displaced relative to each other. The intercalation of hydrated K þ ions causes a layer separation of 3 A which corresponds to the van der Waals diameter of a water molecule. Additionally, a change in the stacking order is observed, which leads to an arrangement of the S--Nb--S layers in which S atoms of neighbouring layers are located directly above each other, whereas the Nb atoms are staggered. The coordination of K þ ions and water molecules was assumed to be trigonalprismatic [8] [11] . If the phases would be long-range ordered, the stacking order of the NbS 2 layers could be expressed in terms of the following stacking sequences: Clear evidence is obtained from the X-ray diffraction patterns that the proposed stacking sequences for the two intermediate phases are 'ideal' stacking sequences and that the phases are not long-range ordered. Instead of the formation of high-order stages it seems to be more reasonable to assume a statistical sequence of empty and intercalated van der Waals gaps for describing the 'real' structures of K x (H 2 O) y NbS 2 phases. Such a one-dimensional disorder model is proposed in Table 1 and the Xray diffraction intensities have been calculated for this model and compared with the experimental X-ray diffraction data for K x (H 2 O) y NbS 2 .
In Table 1 each phase is represented by its layer types AbA, CbC, BaB, BcB, BaBK or BcBK, respectively. From (00l) reflections only, no complete information on the stacking faults, viz. the displacements of the layers can be obtained. Therefore, the particular change of the stacking sequence at an intercalated layer is deduced from the ordered structure [8] . Although, no information about displacements are obtained from the experimental powder patterns, a differentiation between AbA, CbC, BaB and BcB is made in order to guarantee that the nearest-neighbour relationships are not violated when the stacking rule is broken. The lack of information about possible stacking faults due to displacements of layers as in the structure of 2H Á NbS 2 is the reason, why such faults have been neglected here. A further differentiation between the same layer type in each phase is necessary because of the occurence of two-phase regions in the stoichiometry ranges 0:02 < x < 0:10 and 0:10 < x < 0:25. The disorder model describing the whole intercalation mechanism is characterized by a 14 Â 14 matrix with nine independent probability parameters P 1 -P 9 . The probability parameters characterizing allowed stacking sequences can assume values between P ¼ 0 and P ¼ 1. All matrix elements which are omitted in the table characterize 'forbidden' stacking sequences, their values are always zero.
A schematic diagram illustrating the probabilities of different 'allowed' layer sequences is shown in Fig. 4 . The diagram illustrates that such high-order stages have a certain probability of occurrence. However, this probability is small in comparison to the probability for the occurrence of 3-layer sequences of two empty and one intercalated van der Waals gap and 2-layer sequences of one intercalated and one empty van der Waals gap. X-ray intensity calculations, shown in Fig. 5 , reveal that such statistical arrangements of empty and intercalated van der Waals gaps characterize the two intermediate phases very well.
The probability parameters P j are optimized for all intercalation states x. The maximum number of simultaneously adapted parameters is four, for example for modelling the two-phase region of intermediate phase I/intermediate phase II with (P 2 , P 4 , P 6 , P 7 ) 6 ¼ 0. have a volume fraction of 50% each in the host lattice 2H--NbS 2 , their values decrease continuously with increasing intercalation state. For x ¼ 0.17 no layers of this type are present in the structure. With increasing intercalation state the volume fractions of two types of layers start to increase, BcB/BaB and BcBK/BaBK. Whereas the volume fraction of intercalated layers increases continuously up to a maximum of 50% in the maximal intercalated phase, the volume fraction of layers BcB/BaB first starts to increase up to a maximum of 22% at x ¼ 0.19, then it decreases to 0% in K 0:33 (H 2 O) 0:67 NbS 2 . The calculated K þ -stoichiometry from the disorder model is shown in Fig. 8 . It is also in close agreement with the experimentally determined K þ -stoichiometry. For the description of the intercalation mechanism the following model can be proposed. In the host lattice 2H--NbS 2 the stacking sequence is AbA CbC . . . . For small intercalation states x the intercalation will take place at any position. It causes a layer separation of % 3 A and a displacement of adjacent layers in such a way, that a layer AbA is transformed into a layer BcB and a layer CbC into a layer BaB. For small intercalation states 3-layer sequences consisting of two empty and one intercalated van der Waals gap will be formed, such domains will interrupt the regular sequence of the 2H-stacking sequence. In the beginning the domain size of such 3-layer sequences will be small and then grow with the intercalation state, simultaneously the domain size of non-intercalated regions will decrease. The intercalation introduces new stacking faults at the domain walls between 3-layer sequences and 2H-stacking sequences. It can be assumed, that with increasing intercalation state the intercalation will take place preferentially at these positions and that the volume fraction of layers BcB/BaB, which is first increased, will be reduced in a second intercalation step. The intercalation into these empty gaps will lead to regions in the crystal where the average ratio of occupied to unoccupied van der Waals gaps is 1 : 1. In the maximal intercalated phase K 0:33 (H 2 O) 0:67 NbS 2 all van der Waals gaps are occupied and the phase is therefore long-range ordered.
Conclusion
In situ X-ray diffraction studies on the formation of K x (H 2 O) y NbS 2 reveal a structurally complex intercalation mechanism showing two highly one-dimensionally disordered and one long-range ordered intercalated phases. No evidence was found for high-order stages. Instead of higher stages, X-ray intensity calculations have shown that the X-ray diffraction patterns of K x (H 2 O) y NbS 2 can be interpreted in terms of a model involving a statistically disordered layer sequence of layers with fully occupied and empty van der Waals gaps. For the two intermediate phases the ratio of occupied to unoccupied van der Waals gaps is 1 : 2 and 1 : 1. The experimental data are in excellent agreement with the calculated diffraction patterns for the proposed one-dimensional disorder model. Fig. 8 . Comparison between the electrochemical intercalation state and the K þ -stoichiometry, calculated from the one-dimensional disorder model of Table 1 .
